Abstract-Tissue-engineered trileaflet aortic valves are a promising alternative to current valve replacements. However, the mechanical properties of these valves are insufficient for implantation at the aortic position. To simulate the effect of collagen remodeling on the mechanical properties of the aortic valve, a finite element model is presented. In this study collagen remodeling is assumed to be the net result of collagen synthesis and degradation. A limited number of fibers with low initial fiber volume fraction is defined, and depending on the loading condition, the fibers are either synthesized or degraded. The synthesis and degradation of collagen fibers are both assumed to be functions of individual fiber stretch and fiber volume fraction. Simulations are performed for closed aortic valve configurations and the open aortic valve configuration. The predicted fiber directions for the closed configurations are close to the fiber directions as measured in the native aortic valve. The model predicts the evolution in collagen fiber content and the effect of remodeling on the mechanical properties.
INTRODUCTION
The aortic valve opens and closes passively and is subjected to high cyclic mechanical loads, in particular, during diastole. To withstand these loads the valve has developed a well-organized three-layered structure in its leaflets. These three layers are the fibrosa, the spongiosa, and the ventricularis. The ventricularis is mainly composed of radially aligned elastin fibers. The spongiosa mainly consists of glycosaminoglycans and loosely arranged collagen and the fibrosa consists of collagen fibers aligned from commissure to commissure, 32, 33 as shown in Fig. 1 . Collagen is more abundant than elastin 40 and is the main load-bearing component of the aortic valve. 6, 7, 25 The function of elastin is to return the collagen fibers to their radially compressed state in the undeformed configuration. 20, 40 In the United States, mortality due to valvular heart diseases was over 19,000 in 1999, of which approximately 12,000 died due to aortic valve disease. 2 It is estimated that 170,000 substitute valves are placed worldwide each year, of which 60,000 are in the United States. Current clinically available mechanical and biological aortic valve replacements all have shortcomings. 33 The main shortcomings are an inability to grow, repair, and remodel in response to mechanical and biochemical stimuli. Tissue engineering offers a promising alternative to overcome these shortcomings by creating fully autologous ''life'' substitutes.
Implantable tissue-engineered heart valves have been generated in a flow culture system, which simulates physiological conditions. Evaluation of these valves at the pulmonary position in lambs showed promising results with patency up to 20 weeks and similar histological, biomechanical, and biochemical characteristics as the native pulmonary valve. 15, 35 However, at the pulmonary position a valve is subjected to lower pressure differences compared to a valve at the aortic position. In addition, valve deterioration is better tolerated at the pulmonary position. No valve replacement has been engineered yet with sufficient mechanical properties to withstand the mechanical loads at the aortic position. To improve the mechanical properties of tissue-engineered valves it is essential to understand the evolution of these mechanical properties and to investigate the processes involved in mechanical optimization during tissue development.
As collagen is considered to be the main load-bearing component of the aortic valve, the focus of this study is mainly on collagen remodeling. Mathematical models that describe extracellular matrix ͑ECM͒ remodeling have been proposed. These studies provide insight into the different mechanisms active during matrix alignment, but do not predict the changes in mechanical properties of the tissue due to ECM remodeling. 3, 4, 8 Furthermore, models have been proposed that incorporate the effect of remodeling on the mechanical loading condition, but not the effect of the mechanical loading condition on ECM remodeling. 17 In the field of bone mechanics several relatively successful attempts have been made to describe bone remodeling. Trabecular bone architecture is considered to possess the requirements for optimal load transfer, by pairing suitable strength and stiffness to minimal weight. Based on a concept of synthesis and degradation a remodeling law was formulated and for various loading patterns the bone architecture was successfully predicted. 16, 22 A first attempt to model collagen fiber remodeling has been presented by Driessen et al. 11 They model two fiber directions in each position of the valve. The two fiber directions align towards the local positive principal strain directions. The fiber orientation distribution simulated by Driessen et al. 11 resembles the experimental observations by Sacks et al. 30, 31 However, numerical stability is limited, because the principle strain directions are very sensitive to the orientation of the two fibers and vice versa. Moreover, Sacks et al. 30, 31 measure multiple fiber directions in each point of the valve, while Driessen et al. 11 model only two fiber directions. In the present study collagen remodeling is considered to be the net result of collagen synthesis and degradation. This net change is considered to depend on the current loading condition. A computational model is presented that describes the coupling between the mechanical loading condition of soft connective tissues and synthesis and degradation of collagen fibers. The model accounts for multiple fiber directions in each point of the valve. A finite element model of a trileaflet aortic valve is used, which is capable of describing the mechanical constitutive behavior of fiber-reinforced materials taking into account the effect of fiber remodeling. Local changes in fiber content, due to up or down regulation of synthesis or degradation, result in changed mechanical properties of the aortic valve construct, and hence, a different mechanical loading condition is created. The main objective of this study is to predict the evolution of fiber volume fraction in the aortic valve leaflet due to mechanical conditioning, resulting in preferred fiber directions and distribution of fiber volume fraction comparable to the native aortic valve.
MATERIALS AND METHODS

Constitutive Equations
In the field of biomechanics there are many types of materials with direction-dependent properties. Biological tissues consist of uncharged solids ͑e.g., collagen and elastin͒, charged solids ͑e.g., proteoglycans͒, and water with dissolved ions and uncharged solutes. The quadriphasic nature of soft connective tissues is omitted here. In this study the aortic valve leaflet is modeled as an incompressible fiber-reinforced material. The following constitutive equation for an incompressible transversely isotropic composite is used:
with Ϫ͑e""e͒ee the matrix stress, ͑ 2 ͒ee the fiber stress.
represents the Cauchy stress tensor, p the hydrostatic pressure, and represents the isotropic matrix stress. It is a function of the finger strain tensor BϭF"F T , with F the deformation gradient tensor. as a function of B implies that the viscoelastic nature of several of the matrix constituents is omitted. represents the fiber stress in the fiber direction e. With e defined as the unit vector field describing the fiber configuration in the current ͑de-formed͒ configuration ͑⍀͒. is chosen as a function of 2 to ensure objectivity, with fiber elongation defined according to eϭF"e 0 , ͑2͒ ϭʈF"e 0 ʈ. e 0 is the unit vector field describing the initial fiber configuration in the undeformed configuration (⍀ 0 ) . Equation ͑2͒ implies that the fibers deform affine with the matrix.
The constitutive behavior as defined in Eq. ͑1͒ accounts for the relative contribution of matrix and fiber with a volume fraction ͑͒. In this way structural information is incorporated into the constitutive behavior. The fiber volume fraction is defined as the ratio of the volume occupied by fibers (V f ) and total material volume (V), ϭV f /V. Furthermore, Eq. ͑1͒ can be extended for multiple fiber directions or layers with the assumption that the different fiber directions do not interact:
The subscript (Ϫ) k denotes the direction or layer dependent properties. The isotropic matrix is modeled as a Neo-Hookean material, with G the shear modulus:
ϭG͑BϪI͒. ͑4͒
The fiber stress is modeled as nonlinear with respect to the fiber stretch ( k ). The fiber constitutive behavior is defined as
with k 1 and k 2 the material parameters of the fiber k. The constitutive behavior has several implications:
͑i͒
The fibers are assumed to be elastic. ͑ii͒
The collagen fibers are assumed not to interact, cross-linking between separate layers ͓indicated with subscript (Ϫ) k ] is not considered. ͑iii͒ The individual collagen fibers are constant in diameter. ͑iv͒ It is assumed that fibers cannot withstand compressive forces, and therefore, do not contribute to the stress when they are compressed.
Balance Equations and Finite Element Modeling
The effect of inertia and body forces are omitted. Hence the balance equations for conservation of momentum and mass for an incompressible solid read:
The volume change between the initial configuration ⍀ 0 and the current configuration ⍀ is J, which is equal to det͑F͒. For an incompressible material conservation of mass results in a constraint on the displacement field such that Jϭ1.
Using a weighted residual formulation the balance equations are transformed to the weak form. The implementation of these nonlinear equations is based on the updated Lagrange formulation and the equations are solved using a Newton-Raphson iteration process. A ͑Bubnov͒ Galerkin method is used for spatial discretization. To fulfill the Babuska-Brezzi or inf-sup condition, the interpolation functions for the pressure are chosen one order lower than those of the displacement field. For this formulation a Q2/Q1 element, quadratic interpolation of the displacement field and linear interpolation for the pressure field, is used. The element type used here is Taylor-Hood with continuous pressure interpolation. 5 The resulting numerical framework is implemented in the finite element software package Sepran. 34 
Fiber Remodeling
Remodeling Law. Living tissues are able to adapt mechanically and structurally to alterations in functional demands by remodeling of the ECM. 14 Remodeling is defined as the net change in ECM composition and structure due to ECM synthesis, degradation, and reorganization initiated by a change in mechanical ͑and/or biochemical͒ environment. In this study the remodeling of collagen is considered to be the result of a change in fiber volume fraction, which is defined as the net result of collagen fiber synthesis and degradation. Realignment of collagen fibers, 13 increases or decreases in fiber thickness and the formation of intra-or intermolecular cross links are not considered here. When tissues are subjected to mechanical strain the synthesis of specific matrix molecules is either up or down regulated. 19, 24 Here, the up regulation of type I collagen is considered. Degradation of ECM molecules is the result of extracellular proteolytic enzymes. The major class of proteolytic enzymes are the matrix metalloproteases ͑MMPs͒. These MMPs are secreted in active and latent form. Straining of cell seeded collagen constructs has shown up regulation of collagen synthesis 18, 36 and of MMP activity and concentration. 24, 27, 28 Both the up and down regulation of collagen synthesis and degradation have shown to be dependent on cell type, frequency, amplitude, and time of applied load.
Mathematical Formulation. Based on the former the change in fiber volume fraction is assumed to be
͑7͒
Both the synthesis ͑S͒ and degradation ͑D͒ are split into two terms. One term describing the dependence on fiber volume fraction ( tot and k for S and D, respectively͒ and a second term describing the dependence on fiber strain ( k ):
For Eq. ͑8͒ the term ␣ limits synthesis and prevents the total fiber fraction ( tot ) to overshoot the maximum allowed volume fraction ( max ). ␣ has to be sufficiently smooth, because discontinuities in d k /dt result in unstable time integration. Furthermore, procollagen synthesis by cells is inhibited in the presence of high molecular weight fragments of collagen and procollagen synthesis is less inhibited when large fragments are processed further. 39 Consequently, ␣ is chosen high for low volume fractions and low for high volume fractions ͑derived from the Michaelis-Menten equation͒:
The functional relationship of ␣ is visualized in Fig.  2͑a͒ . ␣ max represents the maximum of ␣ for ( max Ϫ tot )→ϱ and K ␣ represents the value of ( max Ϫ tot ) for which ␣ϭ 1 2 ␣ max . The term ␤ describes the dependence of degradation on individual fiber volume fraction ( k ) and prevents individual fiber volume fraction to become less than the minimal allowed value ( min ). For ␤ it is assumed that enzyme kinetics holds. For small amounts of collagen, enzyme degradative activity is low and enzyme activity increases with increasing collagen content ͑more substrate is available for the enzymes͒:
The functional relationship of ␤ is visualized in Fig.  2͑a͒ . ␤ max and K ␤ have a similar meaning as ␣ max and K ␣ . As mentioned before, collagen synthesis by cells is dependent on mechanical loading. Relative rate of protein synthesis by the cells in medium increases linearly with the applied pressure. 18 Due to contact guidance 3, 4 the cells are aligned with the collagen fibers and it is assumed here that cells experience similar strains as the collagen fibers ( k ). After secretion by the cell the procollagen molecules are cleaved and subsequently selfassemble into collagen fibers. Polymerization Ratchet models predict the polymerization and depolymerization of rigid self-assembling polymers. 26 Polymerization rate decreases when a compressive force is applied to the growing end of the polymer. Experimental results show that polymerization rate of microtubuli decreases with increasing compressive forces. 21, 37 There are no known results on elongative forces and polymerization rates and no publications are found describing the dependence of collagen polymerization on compressive forces. However, the models predict that the polymerization rate of self-assembling polymers ͑e.g., collagen͒ is upregulated for elongation. To incorporate the up and down regulation of collagen synthesis by cells and the self-assembly of collagen fibers due to mechanical loading, the synthesis term is considered to depend on k 2 . It is assumed that for fiber elongation synthesis is up regulated and for compression synthesis is absent:
As mentioned in the section on the remodeling law, degradation of collagen fibers is upregulated with increased levels of strain. These effects are not taken into account here and for simplicity degradation is considered to be constant:
The net result of this remodeling law is that functional fibers, i.e., fibers stretched sufficiently, are not degraded but are synthesized even more. Nonfunctional fibers are not synthesized but are degraded. The resulting differential equation is implemented via Euler explicit time integration. The respective geometry is loaded with a representative pressure and afterwards remodeling of the fiber configuration is started. For each increment d k /dt is calculated for all fiber directions in each node of the mesh. The time step is chosen sufficiently small to ensure stable time integration and the time scale is chosen arbitrarily. After each increment the individual volume fractions are updated and a new increment is started. Convergence is reached when ʈd k /dtʈϽ⑀ holds for all nodes. It should be emphasized that fiber directions (e 0 ) do not change, only individual fiber volume fractions are updated.
Problem Definition
For different loading protocols fiber remodeling and development of structural anisotropy due to mechanical loading are simulated. In this study three main cases are simulated: stented valve ͑closed͒, stentless valve ͑closed͒, and stentless valve ͑open͒. Subsequently, parameter variations on the standard case ''stented valve ͑closed͒'' are considered. In all simulated cases the characteristic time for the remodeling phase is considered to be far greater than the time period necessary to apply the pressure. Therefore, first the pressure is applied to the leaflet, and subsequently, the fibers are allowed to remodel. In the current model no fluid-solid interaction is taken into account. 9 For the development of the characteristic collagen fiber configuration ͑Fig. 1͒, the closed valve situation is considered to be the most important.
On the one hand, the leaflet is deformed most in the closed situation, on the other hand, the aortic valve resides in the closed configuration for the relative longest period of time of the cardiac cycle.
Geometry. Due to symmetry only one sixth of the natural aortic root geometry is modeled. First, a stented valve situation is considered. In this situation the sinuses and rest of the aortic root are omitted, as shown in Fig. 3͑a͒ . The radius of the aortic valve is 12 mm, the thickness of the leaflets is chosen to be 200 m uniformly distributed over the entire leaflet, and the height of the commissure point is chosen 10 mm above the base.
For the stentless valve, shown in Fig. 3͑b͒ , the sinuses of Valsalva and part of the aortic wall are modeled. The leaflet is attached to the aortic wall, which allows more realistic boundary conditions to be applied. The leaflet geometry is equal to the leaflet geometry for the stented valve. The thickness of the aortic wall of the finite element ͑FE͒ mesh is taken to be 1 mm.
In the initial configuration 36 random fiber directions with a constant fiber volume fraction of 0.002 are defined in each nodal point of the mesh. When the geometry is deformed the fibers that are elongated most extensively will have the highest increase in fiber volume fraction and will, therefore, dominate the fiber configuration. Ultimately, more random fibers will be defined to start with an isotropic sphere of fibers. However, due to memory management problems the number of fiber directions is currently restricted to 36.
Material Parameters and Boundary Conditions.
For the leaflet of the stented and stentless valve situations the isotropic matrix has a shear modulus ͑G͒ of 450 kPa. The fiber parameters are: a fiber stiffness (k 1 ) of 0.1 kPa and a nonlinearity (k 2 ) of 50 ͑Ϫ͒. The fiber parameters result in fiber behavior that simulates constitutive behavior of collagen. The fibers have relatively low stiffness at small strains ( k Ͻ1.06) and for slightly higher values of strain the collagen fibers become relatively stiff. This behavior is also known as the ''locking'' behavior of collagen fibers. In all cases coaptation ͑contact͒ of the leaflets is not modeled.
For the standard cases considered the parameters are summarized in Table 1 .
Stented Valve (Closed). The applied essential boundary conditions are visualized in Fig. 3͑c͒ . A uniform pressure of 12 kPa is applied to the aortic side of the leaflet, ensuring closure of the valve.
Stentless Valve (Closed).
For the aortic wall a shear modulus of 2 MPa is assumed. Compared to the essential boundary conditions applied for the closed stented valve, the fixed edge is attached to the aortic wall. This allows in-or outward movement of the commissures. Due to the presence of the aortic wall symmetry boundary conditions, similar to the symmetry edge, are applied to the aortic wall near the commissure. All nodal displacements on the wall in-and outlet are suppressed ͓Fig. 3͑b͔͒. The applied pressure is equal to the closed stented valve situation.
Stentless Valve (Open).
The essential boundary conditions are chosen equal to those of the stentless valve closed situation. By applying a pressure of 16 kPa to the inner wall of the aortic wall, the aortic valve is pulled open by the outward movement of the aortic wall. Consequently, snap-through effects are omitted, which occur when the pressure is applied on the ventricular surface of the leaflet. It is assumed that the strains inside the leaflet are representative for the strains experienced by the leaflet in the case of an opened valve ͑with fluid-solid interaction͒.
Parameter Variation. The reference situation is case No. 1 ͑section on the stented valve͒. Deviations from the standard situation are: variation in pressure (p max , cases 2 and 3͒, variation in fiber stiffness (k 1 , cases 4 and 5͒, and variation in relative contribution of fiber degradation ͑B͒ to fiber remodeling ͑cases 6 and 7͒, A is kept constant and B is varied. The stentless valve closed and open cases are also listed in Table 2 ͑cases 8 and 9͒. These parameter variations are summarized in Table 2 . The tip displacements as a function of time are displayed to show the effect of parameter variation on fiber remodeling. The tip is indicated in Fig. 3͑a͒ .
Fiber Orientation Tensor. For multiple fiber layers the fiber configuration can be represented by an orientation tensor ⍀ f . This orientation tensor is defined as the sum of the dyadic product of all unit fiber directions (e k ) multiplied by their respective fiber volume fractions ( k ): 
The eigenvalues and eigenvectors (e p i ) of this tensor are a first-order approximation of the fiber configuration and represent the three principal fiber directions with their respective fiber volume fractions.
Visualization of Fiber Configuration Data.
After remodeling, each node of the mesh contains information with regard to the 36 fiber directions and their respective fiber volume fraction. To uniquely represent a threedimensional ͑3D͒ fiber direction, two angles are defined. When defined with respect to the global coordinate system, local leaflet geometry influences these angles. Therefore, the unit fiber direction (e loc ) is defined with respect to the local coordinate system. The local coordinate system is defined by the three principal fiber directions ͑see the section on the fiber orientation tensor͒, denoted by e p i . i(ϭ1 -3) denotes the ith principal fiber direction. The angle ␥ is defined with respect to the first principal fiber direction in the plane spanned by the first and the second principal fiber direction. The second angle is defined with respect to the third principal fiber direction ͑Fig. 4͒.
The individual fiber volume fractions ( k ) with their respective local fiber directions are plotted in the ␥, cos͑͒ domain, which describes the surface area of a sphere. Due to symmetry the domain is restricted to half a sphere and is bounded by ␥ϭ͓Ϫ90°, 90°͔ and cos͑͒ ϭ͓Ϫ1,1͔. 
RESULTS
The results, presented in this section, are all with respect to the aortic side of the leaflet.
Principal Fiber Directions and Volume Fraction Distribution
Stented Valve (Closed). For the stented valve ͑case 1, Table 2͒ the principal fiber directions and the distribution of total volume fraction are displayed in Figs. 5͑a͒ and 5͑b͒, respectively. The third principal fiber direction is omitted as the volume fractions are negligible over the entire leaflet domain. The first principal fiber direction runs from commissure to commissure. At the fixed edge the first principal fiber direction enters the aortic wall. The second principal fiber direction is aligned radially and is mainly present in the belly region of the aortic valve leaflet, whereas the first principal fiber direction is present over the entire leaflet. The distribution of total volume fraction shows that the volume fraction is at its maximum allowed value at the fixed edge. Furthermore, in the belly region and from the belly region towards the nodulus of Arantius an increased amount of fiber volume fraction can be observed.
Stentless Valve (Closed).
For the closed stentless valve ͑case 8, Table 2͒ the principal fiber directions and distribution of volume fraction are displayed in Figs. 6͑a͒ and 6͑b͒, respectively. The first principal fiber direction runs from commissure to commissure, almost similar to the stented valve fiber direction. The second principal fiber direction runs radially and is slightly less pronounced than for the stented valve situation. However, the fiber direction is present over a larger area of the aortic valve leaflet. Furthermore, no restrictions are placed on movement of the commissures, and consequently, the commissures have moved inward ͓Fig. 6͑a͔͒. The distribution of total volume fraction shows that compared to the stented valve situation, the total volume fraction is distributed more homogeneously over the leaflet and at the fixed edge fiber volume fraction is lower due to absence of essential boundary conditions.
Stentless Valve (Open).
For the open stentless valve ͑case 9, Table 2͒ the principal fiber directions and total volume fraction distribution are displayed in Figs. 7͑a͒ and 7͑b͒ , respectively. The first principal fiber direction is low in volume fraction and runs in a straight line from fixed edge to fixed edge. Opening the leaflet by applying a pressure to the inner aortic wall is equivalent to stretching of the leaflet from fixed edge to fixed edge. The second principal fiber direction is almost completely absent. The volume fraction distribution shows that almost no fibers are present in the aortic valve leaflet. Only near the fixed edge towards the commissure, the fiber volume fraction is increased. Parameter Variation. Principal fiber directions and total volume fraction distribution are similar to the stented valve situation ͑results not shown͒. The differences are mentioned here. For lower pressure levels compared to the standard case ͑cases 2 and 3͒, the principal fiber directions run similarly but are less pronounced ͑lower in volume fraction͒, especially the second principal fiber direction, which is almost completely absent at 4 kPa. The first and second principal fiber directions increase in volume fraction for increasing pressure levels ͑8 and 12 kPa͒. However, the relative contribution of the second principal fiber direction increases for increasing pressure levels. At 4 kPa the volume fraction distribution shows less volume fraction in the belly region than the standard case. As the contribution of the second principal fiber direction increases, total volume fraction in the belly region increases.
Increasing and decreasing fiber stiffness ͑cases 4 and 5, respectively͒ show that principal fiber directions run similar to the fiber directions predicted for the standard case. However, the principal fiber directions are less present for increased fiber stiffness and more present for decreased fiber stiffness compared to the standard case. This is also shown in the distribution of total volume fraction, which shows decreased and increased levels of volume fraction for increased and decreased fiber stiffness (k 1 ), respectively.
Changing the relative contribution of degradation ͑cases 6 and 7͒ shows that for a low contribution of the degradation term ͑case 6͒ the principal fiber directions become even more pronounced. On the one hand the fiber volume fraction of the first and second principal fiber directions increases, and on the other hand the second fiber direction becomes more dominant outside the belly region. The total volume fraction distribution shows increased values over the entire leaflet. At almost each point of the leaflet the maximum allowed volume fraction is reached. For a relatively high contribution of the degradation term ͑case 6͒, the principal fiber directions run similar to the predicted fiber directions of the standard case, only slightly less dominant. The distribu- tion of total fiber volume fraction over the entire leaflet shows that total fiber volume fraction is lower than it is in the reference case, because more fibers are degraded.
Tip Displacement
For the cases ͑1-7͒ listed in Table 2 the tip displacements are displayed in Figs. 8͑a͒-8͑c͒ .
In the first part of Figs. 8͑a͒-8͑c͒ pressure is applied. After application of pressure remodeling starts and tip displacement reduces. For an increase in maximal pressure ͑4, 8, and 12 kPa͒ the tip displacement increases accordingly, see Fig. 8͑a͒ . The absolute change in tip displacement for an increase in pressure is larger for a change in pressure from 4 to 8 kPa than for a change in pressure from 8 to 12 kPa. This is a result of the nonlinear constitutive behavior of the collagen fibers.
The tip displacements for changes in fiber stiffness (k 1 ϭ0.1, 0.5, and 0.02 kPa͒ are shown in Fig. 8͑b͒ . Stiffer fibers result in a decrease of maximum tip displacement. In addition, the relative reduction of the tip displacement due to remodeling is higher for stiffer fibers.
For different values of fiber degradation ͑B͒ the tip displacements are shown in Fig. 8͑c͒ . The results show that for lower degradative activity reduction in tip displacement is larger compared to the standard case. This is the result of a net increase in fiber volume fraction, and hence, for equal loading conditions and mechanical properties the leaflet deforms less. For higher degradative activity the reduction in tip displacement is less. However, the differences in tip displacement are small.
Fiber Configuration Data
For several positions in the stented aortic valve leaflet fiber configuration data ͑see the section on visualization of fiber configuration data͒ are displayed in Fig. 9 , including the initial fiber configuration data. FIGURE 8. Vertical tip displacements "cm… for "a… various pressure levels "p max …, "b… various fiber strengths "k 1 …, and "c… various degradation constants "B…, as displayed in the legends.
In the initial fiber configuration, fibers are distributed randomly throughout the domain ͓␥,cos͔͑͒ and have a constant volume fraction. After loading and remodeling, the fibers have deformed affine and have increased or decreased fiber volume fractions. The principal fiber directions in the ␥, cos͑͒ coordinate system are: ͑i͒ first principal fiber direction: ␥ϭ0, cos͑͒ϭ0; ͑ii͒ second principal fiber direction: ␥ϭ90 or Ϫ90, cos͑͒ϭ0; and ͑iii͒ third principal fiber direction: ␥ϭarbitrary, cos͑͒ϭ1 or Ϫ1.
In the commissure region and the region near the nodulus of Arantius, fibers are oriented towards the first principal fiber direction, Figs. 9͑b͒ and 9͑d͒, respectively. Fibers near the first principal fiber direction have a relatively high volume fraction compared to fibers oriented away from the first principal fiber direction. These data indicate that near the commissures and the nodulus of Arantius the fiber distribution is relatively uniaxial, resulting from a relatively uniaxial loading condition. The fiber volume fraction for fibers near the first principal fiber direction is slightly higher for fibers near the commissures than for fibers near the nodulus of Arantius. This is a direct result of higher fiber stretch near the commissure region.
In the belly region individual fiber volume fractions are lower. There are fibers oriented towards the first principal fiber direction and fibers oriented towards the second principal fiber direction. For fiber directions oriented towards the third principal fiber direction, fiber volume fraction decreases towards zero. These data indicate that in the belly region fiber distribution is relatively biaxial, which results from the biaxial loading condition. Total volume fraction is high in the belly region as more fibers have an increased volume fraction compared to the uniaxial loaded regions ͑the commissure region and the region near the nodulus of Arantius͒.
DISCUSSION
In the present study a model has been presented that describes the remodeling of collagen fibers in the aortic valve and the influence of remodeling on the mechanical loading condition of the aortic valve. Although several aspects of fiber remodeling are omitted, the predicted dominant fiber directions after remodeling are close to the dominant fiber directions in the native aortic valve. A comparison of the closed stented valve with measured collagen fiber directions 30 shows that the measured and predicted fiber directions are mainly oriented from commissure to commissure ͑Fig. 10͒.
The results presented by Sacks et al. 30 show that in the belly region the fibers are more randomly oriented compared to other regions, which are aligned unidirectionally ͓high and low orientation index ͑OI͒, respectively͔. In the belly region two predicted principal fiber directions are present, resulting in a less pronounced alignment. In the commissure region mainly one principal fiber direction is present, which results in a pronounced alignment. Furthermore, the fiber directions are close to the fiber directions predicted in the study of Driessen et al. 11 However, predicted fiber volume fractions differ. For the results on total volume fraction distributions no experimental data are available to validate the predicted distributions.
The results for the closed stentless valve slightly differ from the results for the closed stented valve. This is caused by a slightly changed loading condition, resulting from differences in boundary conditions. First, the total fiber volume fraction is lower at the fixed edge as the nodal displacements are no longer suppressed. Stretching of the fibers becomes less, and accordingly, synthesis becomes less. Second, the inward movement of the commissures results in a different loading condition. The free edge of the leaflets moves further inward compared to the free edge for the closed stented valve. It should be noted that the change of loading condition from stented to stentless hardly affects the orientation of the first and the second principal fiber direction. The most prominent effect is on fiber volume fraction distribution.
The first principal fiber direction for the open stentless configuration runs from fixed edge to fixed edge and the second principal fiber direction is almost completely absent. This is a direct consequence of pulling open the aortic valve by applying a pressure to the aortic wall, which results in stretching of the leaflet from fixed edge to fixed edge. Total fiber volume fraction is small indicating that the fibers are hardly stretched and as a result synthesis is absent.
Parameter variation reveals that for increasing pressure levels with equal material parameters total fiber volume fraction increases and the second principal fiber direction becomes relatively more dominant. As the stress in the constitutive behavior of collagen fibers is nonlinear with respect to fiber stretch, fibers lock ͑be-come extremely stiff͒ above a certain level of stretch. For low pressure levels fibers running from commissure to commissure are stretched to a certain extent, but for increasing pressure levels the fibers are not able to extend much further due to the increase in stiffness. Therefore, the leaflet starts to deform radially ͑perpendicular to the dominant fiber direction͒, and hence, fiber volume fraction in this direction increases. The increase of fiber volume fraction and rotation of fibers towards the radial direction ͑affine deformation͒ prevent excessive deformation in the radial direction. However, in the literature it is reported that excessive deformations in the radial direction are mainly prevented by rotation of predominantly circumferentially oriented fibers 6, 7 and not the presence of a second principal fiber direction. Increasing the fiber stiffness at equal pressure loads results in a decrease in fiber volume fraction. As a result of the increase in fiber stiffness fiber stretch reduces, and hence, fiber synthesis is less stimulated. For decreased fiber stiffness the opposite effects are observed. Furthermore, decreasing the degradative activity results in more net synthesis of collagen fiber, and hence, total fiber volume fraction increases ͑and vice versa͒. The effects of fiber remodeling are expressed in the tip displacements. After application of pressure, remodeling is started with a resulting decrease in tip displacement, demonstrating the improved mechanical properties of the aortic valve leaflet.
The predicted principal fiber directions of the leaflet nearly coincide with the principal strain directions for an isotropic leaflet ͑no fiber reinforcement͒, which is not trivial for a fiber reinforced material. The first principal strain direction runs from commissure to commissure and the second principal strain direction runs radially. As shown in the fiber configuration data ͑Fig. 9͒, fibers deform towards the principal strain direction ͓␥ϭ0,cos͑͒ϭ0͔ due to the assumed local affine deformation. The degree of orientation is dependent on the value of principal strain. For uniaxial loaded regions the fibers are closely oriented to the first principal fiber di- rection ͑commissure region and nodulus of Arantius͒. The more a fiber is oriented towards the first principal fiber direction the higher its volume fraction after remodeling, because fiber stretch is highest near the principal strain direction. On the one hand, affine deformation results in more pronounced principal fiber directions; on the other hand, the increase in fiber volume fraction results in even more pronounced principal fiber directions. It should be noted that distribution of individual fiber volume fractions is relatively binary, because a limited number of fibers is defined. The fiber volume fractions are either relatively high or relatively low, with almost no intermediate values. It is expected that increasing the number of fibers will result in smoother distributions of fiber configuration data.
In the present study it is implicitly assumed that collagen fibers are produced with respect to the undeformed configuration ͑elastic material behavior͒. The fibers are produced prestressed and the reference configuration of the fibers is in the undeformed configuration. Humphrey 17 suggests that the stress-free state of the collagen fibers is that configuration in which they are synthesized. This implies that in the tissue, collagen fibers with differences in reference state are present. For statically loaded tissues this theory can hold. However, for dynamically loaded tissues it is difficult to appoint one reference state for the production of collagen fibers. The actual reference state of newly synthesized remains unclear, and therefore, further experiments regarding ECM remodeling are required.
In contrast to models presented in the literature, 3, 4, 17 the model presented in this paper incorporates the effect of mechanical loading on collagen remodeling and vice versa. It provides an important understanding of collagen remodeling and can ultimately be used to develop tissueengineering strategies for aortic valves and load bearing tissues in general. The simulations show that the closed valve configuration is the most important phase with respect to the development and remodeling of the characteristic collagen architecture for the aortic valve. At present, pulsatile flow bioreactors are used for the tissue engineering of heart valves. Based on the presented results, simulating the entire physiological loading condition might be unnecessary to develop the characteristic collagen architecture of the aortic valve. A different approach to the conditioning of tissue-engineered aortic valves could be to only simulate the closed aortic valve configuration.
Although the model presented in this paper shows promising results, many assumptions have been made. Fiber constitutive behavior states that fibers are not allowed to interact, while native collagen interacts through inter-and intramolecular cross links. 1 Collagen is also linked to other matrix constituents, e.g., different fiber types and cells. Second, fibers are considered to be of constant diameter. However, natural collagen varies in diameter with, consequently, differences in fiber strength. 10 Moreover collagen is considered nonlinear elastic, while in fact collagen fibers exhibit nonlinear viscoelastic behavior. 29 Improvement of the modeled geometry and loading condition results in more realistic fiber configurations ͑e.g., increase height of commissures, inhomogeneous leaflet thickness, and coaptation of the leaflets͒.
The remodeling law presented here is a simplified model of the natural remodeling process. Synthesis and degradation of collagen is considered to depend on fiber strain, cell strain, and amount of fiber present. Incorporating all aspects of collagen remodeling introduces too many parameters in the present model. Therefore, the most important processes of collagen remodeling have to be identified and modeled accurately. Quantitative experimental input regarding collagen remodeling is needed to optimize the model. Less complex model tissues than the aortic valve are needed to study collagen remodeling experimentally. These model tissues can provide the opportunity to study collagen remodeling in greater detail ͑e.g., real-time high resolution microscopy͒ under simple loading conditions ͑uniaxial and biaxial͒. Furthermore, experiments need to be developed in which synthesis and degradation are investigated separately. Collagen degradation by MMPs under the influence of mechanical loading can be investigated in the absence of cells. 12, 23 Similarly, the effect of loading on collagen synthesis can be investigated. Furthermore, comparing quantitative data of experimental and computational results with regard to volume fraction distribution and leaflet mechanical properties is necessary to validate the model.
